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Self-Directed  Control  of  the  End  Milling  Process 


by 

B.K.  Fussell 
D.P.  Gagne 


Abstract 

Self  -directed  control  is  a  closed-loop  control  philosophy  using 
qualitative  techniques  to  achieve  real-time  generation  of  a  process 
control  cycle.  One  such  instance  of  self-directed  control  is  Qualitative 
Process  Automation  (QPA).  This  report  presents  the  results  of 
applying  QPA  to  the  end  milling  machining  process  to  maximize  feed 
rates  while  avoiding  the  undesirable  cutting  events  of  excessive  tool 
deflection,  tooth  overload  and  cutter  shank  overload.  QPA  is  a  real¬ 
time  conti  oiler  with  its  control  output  based  on  process  events  and  not 
on  temporal  relationships  as  are  classical  machine  tool  control 
systems.  Various  procedures  for  detecting  machining  events  with 
sensor  data  were  investigated  and  used  with  QPA  to  develop  a 
controller  for  the  end  milling  process.  The  QPA  controller  used 
cutting  force,  spindle  speed  and  feed  rate  data  to  predict  and  avoid 
excessive  tool  and  tooth  loads  and  to  maintain  part  tolerance  with  the 
highest  possible  feed  rate.  Simulation  cutting  results,  using  an 
experimentally  validated  end  milling  model  showed  the  QPA  system  to 
be  successful  in  controlling  end  milling  cuts  for  step  changes  in  the 
radial  and  axial  depths  of  cut  on  aluminum  workpieces.  Experimental 
cutting  results  validated  the  simulation  results  and  further 
demonstrated  the  potential  of  QPA. 
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I.  Introduction 


One  of  the  major  thrusts  in  manufacturing  research  is  improved  control  of  material 
processing  operations.  Through  such  control,  the  material  quality  is  enhanced  and  the  fabrication 
time  is  reduced,  leading  to  a  higher  production  rate  and  fewer  part  rejects.  Initial  Air  Force 
research  in  this  area  has  been  the  development  of  a  control  philosophy  know  as  self-directed 
control  which  was  implemented  in  a  system  referred  to  as  Qualitative  Process  Automation  (QPA) 
to  control  an  autoclave  during  curing  of  graphite-epoxy  composites.  The  Air  Force  Materials 
Laboratory  has  shown  that  a  closed-loop,  "event-driven"  controller  such  as  QPA  can 
significantly  reduce  the  composite  curing  time  while  consistently  yielding  the  desired  pan 
quality  [1]. 

This  first  success  of  QPA  has  encouraged  the  Air  Force  to  apply  self-directed  control  to  a 
very  different  type  of  process,  one  where  the  speed  of  response  of  the  control  system  is  much 
more  demanding.  One  such  process  is  the  cutting  of  metals  on  a  machining  center.  Metal 
cutting  is  a  very  fast  process  that  is  time-varying  and  nonlinear  in  nature.  As  a  result,  it  is  very 
difficult  to  control  by  classical  methods  and  therefore  lends  itself  to  self-directed  control,  i.e, 
control  by  events  rather  than  by  temporal  prescription. 

The  end  milling  process  has  been  very  difficult  to  model  and  even  more  difficult  to 
control.  Research  experience  has  shown  that  classical,  empirical  and  adaptive  methods  meet 
with  some  success,  but  have  many  shortcomings.  With  this  in  mind,  the  authors  propose  to 
combine  this  knowledge  of  the  cutting  process  with  the  QPA  system  to  see  if  event-driven  control 
of  end  milling  is  feasible,  using  both  computer  simulation  and  experimental  results  for 
verification. 

II.  Objectives  of  the  Research  Effort 

The  research  objective  was  to  determine  the  feasibility  of  qpa  control  of  processes  very 
different  from  the  autoclave  curing  of  graphite-epoxy  composites.  In  particular,  QPA  was  applied 
to  the  end  milling  machining  operation  to  see  if  part  quality  could  be  improved  while  reducing 
the  machining  time.  Successful  demonstration  of  this  control  system  would  prove  the  robustness 
of  self-direct^  control  as  opposed  to  conventional  control  systems,  and  provide  a  path  for  more 
diverse  applications. 

QPA  was  considered  for  the  machining  process  because  of  the  significant  gains  possible  in 
Adaptive  Manufacturing  Systems  (AMS).  In  addition  to  reduced  machining  times,  self-directed 
control  would  also  augment  the  machine  operator  in  maintaining  part  quality  and  insuring  safe 
machine  operation,  e.g.  where  the  machining  center  is  unmanned  and  must  depend  on  sensor 
input  to  determine  part  quality  and  machine  diagnostics. 

Self-directed  control  would  enable  varying  the  feed  drive  and  spindle  speed  to  maintain 
the  part  surface  finish  and  tolerance  while  avoiding  chatter  and  catastrophic  tool  failure.  In  order 
to  provide  this  capability  the  milling  process  had  to  be  translated  into  the  QPA  process 
representation  structure.  This  required  defining  the  process  schedule  in  terms  of  events,  i.e. 
episodes  and  states  associated  with  the  milling  process.  Particular  attention  had  to  be  paid  to 
developing  a  list  of  achieve  and  prevent  episodes  and  conditions  to  detect  them. 

In  preparation  of  this  research  a  literature  review  was  undertaken  to  determine  the  various 
methods  of  detection.  Feasibility  of  self-directed  control  was  evaluated  by  simulation  of  the  end 
milling  process  using  the  Advanced  Continuous  Simulation  Language  (ACSL).  The  simulation 
model  accepts  feed  drive  and  spindle  spieed  inputs  and  determines  the  resulting  cutting  forces  and 
deflections.  The  simulation  results  were  intended  as  proof  of  concept  as  opposed  to  a  rigorous 
evaluation  of  self-directed  control. 

After  the  feasibility  of  self-directed  control  was  determined  by  simulation,  experimental 
testing  was  performed  to  demonstrate  the  actual  control  of  end  milling  on  a  CNC  machining 
center.  Again,  fairly  simple  cuts  were  made  so  that  the  QPA  system  could  be  evaluated.  The 
difficulty  of  applying  the  QPA  system  to  a  real  machining  center  was  also  addressed  along  with 
recommendations  and  conclusions. 
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The  QPA  system  was  first  demonstrated  in  1986  for  control  of  the  composite  curing 
process  at  Wright  Patterson  AFB  [1]  and  was  based  on  Qualitative  Process  Theory  developed  by 
Dr.  Kenneth  Forbes  [3].  The  basis  of  the  QPA  system  is  that  the  process  is  controlled  by  events 
as  opposed  to  temporal  prescription.  By  using  events,  the  set  points  for  the  inner  loop  control  of 
the  autoclave  process  can  be  adjusted  to  insure  that  desired  events,  denoted  by  episodes  or  states, 
are  achieved  and  those  causing  failure  are  prevented. 

The  autoclave  process  has  inner-loop  control  of  pressure  and  temperature  and  an  outer- 
loop  control  to  generate  a  temperature  profile  such  that  the  part  is  cured  properly.  Typical 
achieve  episodes  are  cure  and  compaction  while  typical  prevent  episodes  are  voids  and 
accelerated  reaction.  These  episodes  are  predicted  by  process  states  and  are  sequentially  carried 
out  to  complete  the  history  of  the  curing  cycle. 

Detection  of  various  process  states  is  enabled  by  sensors  embedded  in  the  product  and 
process  agent.  The  detection  of  events  is  critical  and  hence  sensor  information  is  necessary. 
This  is  true  of  the  autoclave  process  as  well  as  any  other  process  that  is  to  be  controlled  using 
self-directed  control.  When  conflicts  arise  between  achieve  episodes,  an  expert's  knowledge  in 
the  form  of  rules  is  utilized  to  resolve  the  conflict.  Decisions  are  then  carried  out  by  system 
controllers,  i.e.  the  heating  system  is  turned  up  or  down  such  that  a  good  composite  is  produced. 

The  QPA  language  is  composed  of  object  types  whose  relationships  form  a  qualitative 
model  of  the  process  (see  Figure  1)  [4].  The  process  history  is  defined  as  the  sequence  of  events 
needed  to  transform  an  original  part  to  its  final  form.  The  events  are  composed  of  episodes  that 
contain  prevent  and  achieve  states  (process  instances)  that  cause  the  desired  changes  in  the  part. 
A  process  instance  is  utilized  to  determine  when  an  event  occurs,  while  the  process  library 
determines  how  to  respond  to  that  event. 

The  controllers  and  sensors  are  the  interface  between  the  QPA  knowledge  base  and  the 
process.  The  sensor  module  of  the  QPA  system  receives  data  from  a  physical  device  connected  to 
the  system  or  through  a  mathematical  model  that  simulates  the  behavior  of  the  device.  The 
choice  of  whether  to  use  the  actual  sensor  data  or  mathematically  derived  values  is  based  on  the 
sensor  reliability  and  user  defined  acceptance  levels.  Sensor  data  is  used  to  indicate  the  state  of  a 
process  (start  or  finish)  and  how  it  should  be  influenced  by  the  process  library.  To  make  certain 
that  the  processes  are  controlled  properly  requires  the  use  of  influence  instances  (Figure  2). 
Influences  are  qualitative  relationships  that  indicate  how  changes  in  one  sensor  or  controller  will 
affect  another.  Positive  influences  define  proportional  relationships  between  two  parameters 
while  negative  influences  indicate  those  that  are  inversely  proportional.  This  information  is 
utilized  in  determining  what  and  how  much  controller  action  is  necessary  to  achieve  desired 
events,  or  prevent  undesired  events. 

IV.  OPA  Control  of  End  Milling 

End  Milling  Model 

A  block  diagram  of  end  milling  process  dynamics  is  shown  in  Figure  3  [5],  and 
corresponds  to  the  various  components  of  a  machining  center.  There  are  two  major,  or  primary 
process  dynamics.  The  first  is  the  feed  and  spindle  dynamics.  Here,  a  reference  signal  is  used  to 
generate  a  slide  velocity  in  the  x  and  y  directions,  and  a  spindle  speed.  The  second  is  the  cutting 
process,  which  includes  geometry  of  the  cut  and  the  force  required  to  remove  the  material.  The 
geometry  of  the  cut  is  a  combination  of  the  slide  and  spindle  speed,  workpiece  geometry,  tool 
geometry,  and  the  deflection  of  cutter  from  the  workpiece.  The  deflection  results  from  the  cutter 
force  acting  on  the  workpiece,  tool  and  machine,  and  is  illustrated  in  Figure  3  as  the  structure 
compliance.  The  resulting  deflection  causes  two  feedback  paths  that  affect  the  cut  geometry. 
The  instantaneous  feedback  cau.ses  a  reduction  in  the  chip  thickness  that  has  to  be  removed  by 
the  next  tooth.  This  effect  is  shown  in  the  delayed  feedback  loop,  better  known  as  the 
regenerative  loop.  Since  this  is  a  positive  feedback,  it  can  lead  to  an  instability  known  as  chatter. 

A  computer  program  previously  written  [5]  uses  the  mathematical  relationships 
associated  with  the  process  dynamics  to  calculate  the  resulting  force  for  a  given  slide  and  spindle 
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speed,  and  cutting  geometry.  Exp)erimental  end  milling  cuts  on  a  CNC  machining  center  [5]  have 
been  used  to  verify  the  simulation  model  for  a  variety  of  cutting  conditions. 
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Figure  2  -  End  Milling  Influence  Diagram 
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QPA  Structure 


Figure  4  shows  the  QPA  structure  (organization  of  the  knowledge  base)  for  a  general 
machining  operation.  The  history  or  process  plan  of  the  part  is  the  complete  cutting  routine, 
while  the  various  episodes  are  composed  of  the  different  tools  used  to  make  the  cutting  history. 
Examples  here  would  be  end  milling,  face  milling,  boring  and  drilling  operations.  Under  each 
episode  are  the  events  that  are  desired  (achieve)  and  those  to  be  avoided  (prevent).  Since  end 
milling  is  the  operation  that  is  being  evaluated,  only  one  episode  is  considered,  along  with  its 
associated  events  of  maximum  feed  rate,  shank  failure,  tooth  failure,  tool  wear  failure,  tool 
deflection  and  chatter.  The  desired  goal  during  this  episode  is  to  complete  the  end  milling  cut  in 
the  shortest  amount  of  time  while  avoiding  the  undesired  events.  While  a  very  fast  cut  is  desired, 
both  a  good  finish  and  part  tolerance  are  also  desired.  Since  neither  of  these  quantities  can  be 
measured  directly  by  sensors,  they  are  inferred  by  qualitative  relationships  between  events  and/or 
sensed  conditions,  e.g.  temperature,  force,  vibration,  etc.  For  example,  to  insure  part  tolerance, 
excessive  deflection  of  the  tool  is  prevented  by  monitoring  the  cutting  force  perpendicular  to  the 
feed  path,  and  reducing  the  feed  rate  if  the  force  and  hence  the  deflection  becomes  excessive. 
Likewise,  the  surface  finish  can  be  inferred  from  the  spindle  speed,  feed  rate,  tool  deflection  and 
chatter  state. 


Figure  4  -  QPA  Control  Structure  for  the  End  Milling  Process 


Utilization  of  these  described  events  and  conditions  for  control  requires  an  event 
detection,  an  influence  diagram,  and  conflict  resolution  rankings.  Unfortunately,  the  event 
detection  is  not  straightforward  because  of  indirect  sensing,  i.e.  the  lack  of  sensor  availability. 
Indirect  sensing  refers  to  the  prediction  of  an  event  such  as  tooth  failure  or  chatter  through 
sensory  data  not  directly  associated  with  the  event.  For  example,  tooth  failure  cannot  be 
predicted  by  a  tooth  failure  sensor,  it  has  to  be  inferred  from  the  cutting  force  or  acoustic 
emissions.  In  a  similar  fashion,  the  onset  of  all  the  other  prevent  events  must  be  determined  by 
indirect  sensory  data  and  detection  algorithms.  These  algorithms  can  be  quite  complex  and 
involved  and  often  times  are  limited  in  their  application  to  fairly  simple  cuts.  None-the-less,  one 
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can  develop  a  set  of  tools  to  predict  the  onset  of  various  events  throe -’ll  the  use  of  cutting  force, 
spindle  speed,  feed  rate  and  acoustic  emissions,  etc.  A  description  of  the  various  events  and 
associated  conditions,  possible  detection  algorithms,  and  the  necessary  control  action  is  given 
below. 


Events  and  Associated  Detection  Methods 

1.  Tooth  and  Tool  Breakage 

A  method  of  in-process  detection  of  tooth  breakage  was  developed  by  Altintas  et  al.  [6] 
and  Altintas  and  Yellowley  [7].  They  use  the  first  and  second  differences  of  the  resultant  cutting 
force,  shown  below,  averaged  over  one  tooth  period,  to  predict  breakage. 


AlFa(t)  =  Fa(t)-Fa(t-l) 
A2Fa(t)  =  AiFa(t)-A,  Fa(t-l) 


(1) 

(2) 


To  utilize  the  first  and  second  difference  equations,  a  threshold  relationship  is  derived  to 
eliminate  the  disturbance  effects  of  radial  immersion  and  runout.  The  radial  immersion  is 
predicted,  if  not  known  in  the  cut,  and  used  in  the  following  threshold  relationship. 


A'F«  = 


Fa(t)-Fa(t-1) 

Fa(t-l) 


(3) 


By  comparing  the  value  of  this  relationship  during  a  cut  to  that  predicted  by  a  simulation  model, 
a  triggering  of  the  second  difference  is  initiated.  If  the  second  difference  of  the  average  force  is 
found  to  be  larger  than  the  first  difference,  then  tooth  damage  is  assumed.  Another  method  is 
given  in  [8]. 


2.  Tool  Breakage  Prevention 

To  prevent  the  cutting  tool  from  breaking  at  the  shank,  the  total  force  on  the  cutting  tool 
can  be  monitored  and  limited  to  some  maximum  value.  This  maximum  force  limit  can  be 
roughly  calculated  by  applying  standard  shaft  theory  to  the  cutting  tool.  Equations  4  and  5  give 
the  stress  state  of  the  cutting  tool  as  a  function  of  applied  load  and  tool  geometry.  The  highest 
stress  magnitudes  occur  on  the  outside  of  the  tool  at  the  supported  end  where  there  is  a 
combination  of  normal  and  shear  stresses. 


Ob  = 


X  = 


32  FL 

K  D3 

(4) 

8  F 

K  D2 

(5) 

where. 


Ob  =  Maximum  bending  stress,  Psi 
X  s  Maximum  shear  stress,  Psi 
F  ~  The  applied  force  on  the  beam,  lbs 
L  s  Length  of  the  tool,  in 
D  s  Diameter  of  the  tool,  in 
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Now,  by  using  a  Mohr's  circle  and  the  Maximum  Shear-Stress  Theory  of  failure,  an  upper 
limit  of  the  applied  force  can  be  calculated.  The  maximum  shear  stress  is  given  by  Equation  6. 


max 


(6) 


where,  Sy  =  Yield  Strength  of  the  cutting  tool  material,  Psi 
n  =  Factor  of  safety 

The  upper  limit  for  the  force  bandwidth  can  now  be  found  by  substituting  Equations  4  and  5  into 
Equation  6  and  solving  for  the  force,  F.  The  resulting  relationship  is  shown  below. 


Fmax  - 


(7) 


where,  Fmax  =  Upper  limit  of  bandwidth 

The  lower  limit  should  make  the  bandwidth  large  enough  so  any  force  oscillations  remain  within 
the  limits. 

The  sensor  information  available  to  QPA  is  the  force  in  the  x-  and  y-directions.  With 
these  values  known,  the  resultant  total  force  on  the  cutting  tool  can  be  computed  as  shown  in 
Equation  8. 


Flo.2l=V(Fx^  +  Fy^)  (8) 

If  a  shank  overload  is  experienced,  the  controller  actions  need  to  decrease  the  total  force  on  the 
tool  by  decreasing  the  fe^  rate  or  increasing  the  spindle  speed.  Both  actions  result  in  a  decrease 
in  the  chip  size  which,  in  turn,  decrease  the  forces  on  the  tool. 

3.  Tooth  Breakage  Prevention 

To  prevent  tooth  failure,  a  similar  analysis  as  shown  in  the  previous  section  on  shank 
failure  can  be  performed.  The  following  method,  developed  by  Melkote  and  Taylor  [9],  is  a 
procedure  to  determine  the  maximum  feed  per  tooth  allowed  for  a  given  cutter  and  cutting 
situation.  The  tooth  of  the  cutting  tool  is  assumed  to  be  a  cantilever  beam  with  a  point  load  at 
midpoint  of  the  axial  depth.  Figure  5  shows  the  tooth  geometry  and  the  loading  conditions.  The 
point  load  in  Figure  5  can  now  be  replaced  by  the  same  point  load  at  the  center  of  the  tooth  edge, 
point  C,  and  moment  applied  at  the  same  location. 

The  magnitude  of  the  moment  can  be  calculated  by  summing  the  forces  and  moments. 
The  resulting  moment  is  given  by  Equation  9. 


(9) 


where,  M 
F 
1 

d 


Moment  needed  to  move  force  to  center  of  tooth  edge,  lb-in 
Force  applied  to  tooth,  lb 
Length  of  tooth,  in 
Axial  depth  of  cut,  in 
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It  is  now  necessary  to  calculate  the  stress  state  in  the  beam.  Using  simple  beam  analysis, 
the  stress  created  from  the  force  F  at  point  A  in  Figure  6  is  given  by  Equation  10. 


Ob  = 


6Fb 
a^  1 


(10) 


where, 


Ob  =  Maximum  bending  stress,  Psi 
b  =  Width  of  tooth,  in 
a  =  Thickness  of  tooth,  in 
1  =  Length  of  tooth,  in 


The  torsional  moment  M  causes  a  maximum  shear  stress  at  point  A  and  has  a  magnitude  given 
by  Equation  11  [10]. 


F  (1-d)  (3  1  +  1.8  a) 
2l2a2 


(11) 


where,  T  =  Maximum  shear  stress,  Psi 

The  assumptions  needed  to  use  Equation  1 1  are  a  straight  bar  with  a  rectangular  cross  section. 
The  moments  applied  to  the  beam  must  be  equal  and  opposite  end  couples  and  the  ends  must  be 
free  to  warp.  The  tooth  geometry  satisfies  all  these  assumptions  except  that  the  end  connected  to 
the  shaft  of  the  tool  is  not  free  to  warp.  Investigations  were  made  to  derive  a  new  equation  which 
allows  a  constrained  end  but  the  results  were  inaccurate,  giving  a  lower  stress  than  the  one 
calculated  with  Equation  11.  Equation  1 1  does  allow  a  quick  approximation  of  the  shear  stresses 
in  a  tooth,  however,  more  work  is  needed  to  accurately  determine  the  allowable  limits  on  tooth 
forces. 

By  using  the  same  method  as  the  previous  section,  the  maximum  shear  stress  can  be 
found  by  Equation  12. 


Ov 

2|^  ^  ^max  - 


(12) 


The  limiting  tooth  force  can  be  found  by  substituting  Equations  10  and  1 1  into  Equation  12  and 
solving  for  F.  The  result  is  shown  in  Equation  13. 


F  = 


Sya^l 


6b 


1+ 


(1  -  d)2  (3  1  +  1.8  a)2 
36  b2 12 


(13) 


The  horsepower  needed  to  overcome  the  force  F  at  a  given  tooth  speed,  V,  is  given  by  Equation 
14. 


F  V 
'33000 


(14) 


where. 


P  s  Horsepower  needed,  hp 
F  s  Tooth  Load,  lbs 
V  =  Tooth  Speed,  ft/min 
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The  tooth  speed  can  be  found  by  Equation  15. 


10 


Q2kD 
~  12 


(15) 


where,  V  s  Tooth  Speed,  ft/min 
Q  =  Spindle  speed,  RPM 
D  =  Cutting  tool  diameter,  in 

The  horsepower  lost  in  material  removed  is  estimated  by  Equation  16  [9] 

P  =  KQ3/4  (16) 

where,  K  =  Material  constant,  hp/(in3/min) 

Q  =  Rate  of  stock  removal,  in^/min 

The  quantity  K  is  a  function  of  the  workpiece  and  tool  materials  and  type  of  cutter.  It  ranges 
from  0.2  hp/(in3/min)  for  Aluminum  to  3.5  for  high-strength  alloys  [11].  The  rate  of  stock 
removal,  Q,  is  given  by  Equation  17. 

Q  =  ftNfQdW  (17) 


where. 


fi  =  Feed  per  tooth,  in/tooth 
Nf  H  Number  of  teeth  on  tool 
Q  =  Spindle  speed,  RPM 
d  =  Axial  depth  of  cut,  in 
W  =  Width  of  cut,  in 


By  equating  Equations  14  and  16,  the  maximum  feed  per  tooth  can  be  calculated.  The 
resulting  relationship  follows  in  Equation  18. 


‘trnax 


7.95  X  10-9 
Nffld  W 


r 


Sy  a^  1 Q  D  7C 


A 


V 


Kb 


■V 


1+ 


(l-d)2  (3U  1.8a)2 
36  b2 12  J 


4/3 


(18) 


This  value  is  again  used  as  the  upper  limit  for  the  bandwidth.  The  lower  limit  is  less  critical,  but 
should  be  large  enough  such  that  all  feed  per  tooth  oscillations  remain  within  limits. 

The  actual  feed  per  tooth  value  that  must  be  calculated  by  the  controller  is  a  function  of 
feed  rate,  spindle  speed  and  tool  geometry  and  is  shown  in  Equation  19. 


ft  =  ^ 
QNf 


(19) 


where, 


ft  =  Feed  per  tooth,  in/tooth 
Vs  =  Feed  Rate,  in/min 
Q  =  Spindle  Speed,  RPM 
Nf  =  Number  of  teeth  on  tool 
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The  same  controller  actions  used  for  shank  failure  are  necessary  for  excessive  feed  per  tooth 
values.  A  decrease  in  feed  rate  or  an  increase  in  spindle  speed  will  result  in  a  lower  feed  per 
tooth  value. 


4.  Tool  Deflection 

Tool  deflection  is  associated  with  the  part  tolerance  and  must  be  held  below  a 
predetermined  limit.  The  amount  of  tool  deflection  can  typically  be  inferred  from  the  cutting 
force  that  is  perpendicular  to  the  feed  rate  direction  [12].  By  assuming  the  tool  is  a  cantilever 
beam.  Equation  20  can  be  used  to  predict  the  deflection,  given  the  load  and  tool  geometry  [  1 3j. 


ymax  - 


Fperp 

3EI 


(20) 


where. 


ymax  =  Displacement  at  the  free  end  of  the  tool,  in 
Fperp  =  Force  perpendicular  to  the  feed  rate,  lbs 
L  =  Cutting  tool  length,  in 
E  =  Modulus  of  Elasticity,  Psi 
1  =  Area  moment  of  inertia,  in^ 


Solving  for  the  perpendicular  force  and  considering  the  area  to  be  a  circle  results  in 
Equation  21. 


F 


perp-max  - 


3  ytoi  7C  D^  E 
64L 


(21) 


where, Fperp-max  =  Upper  limit  of  tool  deflection  bandwidth,  lbs 
ytol  =  Allowable  tolerance,  in 
D  =  Cutting  tool  diameter,  in 

The  lower  limit  should  again  be  such  that  force  oscillations  are  contained  within  the  limits. 

The  controller  must  have  access  to  at  least  two-dimensional  force  sensor  data  and  two- 
dimensional  feed  rate  sensor  data  to  be  able  to  calculate  the  jjerpendicular  force.  If  the  feed  rate 
in  one  direction  is  zero,  the  perpendicular  force  is  simply  read  directly  from  the  force  sensor  in 
that  direction.  However,  if  the  feed  rate  has  components  in  both  directions,  the  feed  rate  vector 
must  be  calculated  and  used  to  find  the  perpendicular  component  of  the  total  force  vector. 
Again,  as  with  the  previous  sections  on  shank  and  tooth  failure,  decreasing  the  feed  rate  or 
increasing  the  spindle  speed  will  result  in  a  decrease  in  the  perpendicular  force  on  the  cutting 
tool. 


5.  Chatter 

Chatter  is  a  complicated  self-excited  vibration  that  is  very  difficult  to  predict  a  priori. 
While  it  can  be  detected  in-situ,  it  is  not  easy  to  determine  what  course  of  action  to  take  to 
eliminate  chatter  and  still  maintain  an  aggressive  cut.  Smith  and  Tlusty  [14]  provide  a  method 
for  determining  the  necessary  system  changes.  Their  algorithm  is  discussed  below. 
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A  force  dynamometer  or  a  directional  microphone  can  be  used  to  detect  the  presence  of 
chatter.  However,  the  best  detection  is  afforded  by  using  both  sensors;  the  dynamometer  to  give 
indication  of  force  oscillations  and  the  microphone  to  give  the  frequency  content.  Chatter 
detection  is  made  by  checking  the  following  criteria. 


Fr  >  point) 

(22) 

(D(<l)p)  tOt 

(23) 

l<|>pl  >  l<t>tl 

(24) 

where, 


Fr  s  Cutting  force  oscillation  amplitude 
<t>p  =  Maximum  power  spectral  density  (PSD) 
(Oi  =  Tooth  frequency 
<|>t  =  PSD  at  the  tooth  frequency 


Equation  22  states  that  the  force  oscillation  amplitude  is  higher  than  a  predetermined  set  point. 
Equation  23  indicates  that  the  frequency  of  the  power  spectral  density  (PSD)  peak  is  not  equal  to 
the  tooth  frequency.  Finally,  Equation  24  requires  that  the  PSD  peak  away  from  the  tooth 
frequency  is  greater  than  PSD  at  the  tooth  frequency.  If  all  3  equations  are  satisfied,  then  chatter 
exists  and  some  action  must  be  taken.  The  action  is  now  described. 

The  first  step  is  to  decrease  feed  rate.  This  reduces  oscillation  amplitudes  as  a  result  of 
chatter.  Second,  the  spindle  speed  is  increased  if  the  frequency  of  the  PSD  peak  point  is  greater 
than  the  tooth  frequency,  and  decreased  if  the  PSD  peak  point  is  less  than  the  tooth  frequency.  If 
chatter  still  exists,  then  the  axial  depth  of  cut  is  decreased.  Finally,  the  feed  rate  is  increased. 
The  purpose  behind  the  spindle  speed  changes  is  to  run  the  end  mill  at  the  system  natural 
frequency,  which  gives  a  very  high  axial  depth  limit  on  stability. 

Pattern  Recognition  and  Neural  Nets 

Because  of  the  difficulty  in  detecting  the  above  described  events  using  simple  algorithms, 
several  researchers  are  now  pursuing  sensor  fusion  techniques  involving  pattern  recognition  with 
artificial  neural  networks.  These  techniques  appear  to  be  more  promising  because  information 
from  many  sensors  is  used  to  develop  the  weightings  necessary  to  recognize  the  undesired 
events.  For  example,  cutting  force,  cutting  torque,  and  acceleration  information  of  the  spindle 
and  quill  are  used  to  predict  tool  life,  chatter,  stable  cutting  and  the  tool  entering  a  workpiece  by 
M.A.  Elbestawi  and  J.  Marks  [15]. 

In  their  work  a  set  of  d  features,  an  example  being  the  average  cutting  force,  based  on  the 
force,  torque,  and  acceleration  information  is  used  to  find  the  weighting  coefficients  wj  in  the 
relationship: 


d 

gi=  X'^iKXK  +  w  ^d+l  (25) 

k=l 


so  that  the  i‘^  class  or  event,  e.g.  tool  life,  can  be  recognized  during  an  end  milling  cut.  The 
weightings  are  originally  found  by  using  several  experimental  cutting  trials  where  the  desired 
event  such  as  tool  life,  is  known  to  occur.  With  this  experimental  information  an  error-correction 
procedure  is  applied  to  Equation  25  to  find  the  best  value  for  the  weighting  parameters. 
Preliminary  results  by  Elbestawi  show  that  correction  rates  of  80%  to  100%  can  be  obtained  for 
the  prediction  of  the  four  events. 

Unfortunately,  pattern  recognition  using  anificial  neural  networks  needs  an  extensive 
amount  of  research  and  testing  before  they  will  be  useful  in  an  intelligent  machining  application. 
Elbestawi's  work  is  clearly  a  step  in  the  right  direction,  but  it  lacks  in  predicting  many  of  the 
undesired  events  in  end  milling,  and  in  handling  transient  conditions  resulting  from  changes  in 
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the  spindle  speed  and  radial  depth  of  cut.  Also,  real  time  implementation  of  the  algorithms  needs 
investigation. 

There  has  also  been  some  research  into  artificial  neural  network  diagnostic  methods  for 
turning.  Turning  has  actually  been  used  as  the  original  test  bed  of  these  techniques  because  of 
the  continuous  cutting  action.  Milling  has  discontinuous  cutting,  which  makes  it  much  more 
difficult  to  work  with.  Hopefully,  some  of  the  work  described  below  will  eventually  be  adapted 
to  eiid  milling. 

Domfeld  and  Pam  [16]  used  pattern  recognition  techniques  to  determine  the  chip 
formation  state  using  acoustic  sensor  information.  This  was  followed  with  an  article  by 
Rangwals  and  Domfeld  [17]  m  1987  on  neural  net  usage  in  the  detection  of  tool  wear  states. 
Also  in  1987,  Emel  and  Kannateg-Asibu  [18,19]  published  results  on  tool  fracture,  wear  and  chip 
disturbance  monitoring  by  pattern  recognition  using  acoustic  sensor  data.  Finally,  Chryssolouris 
and  Demroese  [20]  sited  the  use  of  force,  acoustic  and  temperature  information  in  recognizing 
tool  wear  through  neural  nets.  They  also  indicated  that  relearning  of  the  system  was  required  for 
substantially  different  cutting  conditions. 

Controller  Response 

The  influences  of  the  end  milling  process  are  shown  in  Figure  2.  All  of  the  controller 
variables  are  encapsulated  by  rectangular  boxes  at  the  bottom  of  the  figure.  Cutter  runout,  i.e. 
tool  eccentricity,  is  typically  unwant^,  but  can  only  be  minimized  during  set-up  of  the  cutter  in 
its  tool  holder.  The  achieve  events  are  ellipses  and  the  prevent  events  are  squares.  All  other 
parameters  influence  these  goals  in  a  positive  or  negative  manner.  For  instance,  if  the  feed  pei 
tooth  is  increased,  then  the  surface  finish  is  degraded  and  the  cutting  force  is  increased.  The  QPA 
control  structure  wants  to  achieve  or  prevent  events  during  machining,  thus  it  uses  the  influence 
diagram  to  trace  from  an  event  to  a  controller  that  can  influence  that  particular  event  in  the 
desired  positive  or  negative  fashion.  When  conflicts  arise,  it  requires  expert  knowledge  to  rank 
the  events  in  order  of  importance.  For  end  milling,  the  following  rank  is  suggested: 

1.  Shank  failure 

2.  Tooth  failure 

3.  Tool  wear  failure 

4.  Chatter 

5.  Tool  deflection 

6.  Surface  finish 

7.  Maximum  feed  rate 

Control  action  is  initiated  when  an  event  is  occurring  or  when  the  desired  event  is  not 
being  achieved.  Typically,  this  action  consists  of  increasing,  decreasing  or  holding  constant  the 
feed  rate,  spindle  speed  or  depth  of  cut  during  each  QPA  sampling  interval.  Data  from  the 
sensors,  examples  being  cutting  force,  spindle  speed,  feed  rate  and  acoustic  emission,  is  collected 
by  the  QPA  system  during  each  time  interval  and  is  used  to  determine  the  state  of  each  of  the 
events.  If  unwanted  events  are  detected,  then  a  planned  control  action  is  taken  to  eliminate  that 
event.  Action  is  also  taken  to  make  sure  the  desired  events  such  as  maximum  feed  rate  occur. 

V.  Simulation  of  QPA  Control  of  End  Milling 

QPA  control  of  the  end  milling  process  was  tested  by  simulation,  using  an  experimentally 
validated  end  milling  model,  described  in  Section  iv,  that  is  capable  of  simulating  workpiece 
geometry  changes,  cutter  deflection,  and  tooth  and  shank  failure.  In  the  simulations,  the  x  feed 
rate  input  command  signal  was  determined  by  the  QPA  controller,  in  response  to  the  x  and  y 
cutting  force,  the  feed  rates,  and  the  spindle  speed.  QPA  used  this  "sensed"  information  to 
determine  if  any  prevent  events  were  occurring,  then  through  the  experts  encoded  knowledge, 
executed  the  appropriate  control  to  lower  the  feed  rate.  Once  prevented,  QPA  increased  the  feed 
rate  or  held  it  constant,  depending  on  the  band  limit  around  the  particular  event  in  question.  A 
simplified  QPA  control  system  was  tested  here  to  validate  the  concept  of  QPA  being  applied  to  the 
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end  milling  process.  The  only  ever.ts  that  were  considered  were  tooth  and  shank  failure  and  tool 
deflection. 

One  simulation  trial  result  is  presented  here.  Table  1  lists  the  trial,  the  geometry  change 
associated  with  it,  and  the  controller  action.  Table  2  gives  the  controller  limits  for  trial  one. 
Figure  7  shows  the  workpiece  geometry  for  the  cut.  The  simulation  is  run  assuming  the  cutter  is 
starting  in  an  existing  cut.  Therefore,  the  force  starts  at  zero  and  increases  to  a  constant  DC  value 
without  going  through  the  typical  force  transients  associated  with  the  entry  of  the  cutter  into  the 
side  of  the  workpiece.  In  this  simulation,  the  QPA  controller  is  trying  to  achieve  maximum  feed 
rate  while  preventing  tool  shank  failure,  tooth  failure  and  part  out-of-tolerance.  The  tool  shank 
failure  is  associated  with  the  total  force  on  the  end  of  the  cutter.  If  this  force  exceeds  a  certain 
limit,  then  the  cutter  is  in  imminent  danger  of  failure  through  bending.  The  QPA  response  to  this 
is  to  reduce  the  feed  rate  when  the  total  force  reaches  a  set  limit.  The  tooth  failure  occurs  as  a 
result  of  overloading  an  individual  tooth  edge  on  the  end  mill.  This  overload  condition  can  be 
detected  by  measuring  the  feed  rate  and  the  spindle  speed  and  calculating  the  feed  per  tooth  in 
inches.  If  this  value  is  above  a  set  limit,  then  the  QPA  reduces  the  feed  rate  so  damage  will  not 
occur.  Tolerance  conditions  are  determined  from  the  cutting  force  perpendicular  to  the  path  of 
the  end  mill. 

All  of  these  prevent  events  have  two  process  instances  associated  with  them.  The 
maximum  level  indicates  to  the  QPA  system  that  the  feed  rate  needs  to  be  reduced,  while  the 
region  between  the  minimum  level  and  maximum  level  indicates  that  the  feed  rate  should  be 
held.  The  hold  region  is  necessary  to  keep  the  feed  rate  command  signal  from  oscillating  from 
the  on/off  nature  of  the  controller. 

The  results  of  Trial  One  are  shown  in  Figures  8a  and  8b.  In  this  run  the  axial  depth  is 
doubled  from  0.25  to  0.5  inches  at  approximately  one  second,  and  the  radial  depth  of  cut  is  held 
constant  at  0.25  inches.  Before  the  axial  depth  change,  the  tooth  failure  prevent  event  becomes 
active.  The  conLoller  response  is  to  limit  the  feed  per  tooth  and  thereby  reduces  the  possibility 
of  tooth  failure.  After  the  axial  depth  change,  both  the  total  force  and  the  perpendicular  force  are 
above  their  limits  (see  Figure  8a).  This  results  in  a  lowering  of  the  feed  rate  until  the 
perpendicular  force  is  inside  the  force  band.  The  feed  rate  is  now  held  constant  until  this  force  is 
below  the  minimum  value.  Once  this  <x:curs,  none  of  the  prevent  events  are  active  and  the  feed 
rate  is  increased  until  the  perpendicular  force  is  once  again  within  the  given  limits.  Figure  8b 
shows  the  feed  per  tooth  and  the  corresponding  QPA  commanded  feed  rate  for  the  simulated  end 
milling  system. 


Axial 

Depth 

Radial 

Depth 

Controlled 

Events 

Trial  One 

0.25"  to  0.5" 
(step) 

0.25" 

Shank  Failure, 
Tooth  Failure,  and 
Tool  Deflection 

4  Flute 

Dry  Cii 

Cutter  and 

Workoiece  Data  1 

38  deg.  Helix,  HHS,  12.7  mm  Dia.,  44.5  mm 

Length 

tting  at  2000  rpm.  Stiffness  of  90,200  N/cm 
Workpiece  is  2024-T8  Aluminum 

Table  1  -  Workpiece  Geometry  and  Controllers  for  the  Simulated  Cut 
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1  Shank  Failure 

1  Total  Force  Bandwidth 

1  Upper  Limit 

200  lbs 

Lower  Limit 

150  lbs 

Tooth  Failure 

1  Feed  per  Tooth  Bandwidth  | 

Upper  Limit 

0.0035  in 

Lower  Limit 

0.0030  in 

Tool  Deflection 

1  Perpendicular  Force  Bandwidth  | 

Upper  Limit 

130  lbs 

Lower  Limit 

100  Ids 

Table  2  -  Controller  Bandwidths  for  Trial  One 


Figure  7  -  Milling  Cut  with  an  Axial  Depth  Increase 


VI.  Experimental  Implementation  of  QPA 

The  success  of  any  control  system  is  dependent  on  the  interface  between  the  plant  and  the 
control  components.  The  QPA  system  considered  here  requires  interfacing  a  CNC  machining 
center  with  sensors,  signal  conditioning  filters,  data  collection  equipment,  and  a  computer  for 
analog  to  digital  (aA))  and  digital  to  an^og  (D/A)  conversion.  In  addition,  the  computer  must  be 
fast  enough  to  process  (sense  and  control)  QPA  knowledge  with  minimal  time  delays,  and  output 
control  signals  to  the  machining  center  for  control  of  the  spindle  speed  and  the  slide  feed  rate. 
The  strategy  and  problem  areas  of  implementation  arc  discussed  below. 
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Figure  8a  -  Results  from  Trail  One  (Total  and  Perpendicular  Forces) 
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Feed  Per  Tooth  vs.  Time 


Command  Feed  Rate  vs.  Time 


Figure  8b  -  Results  from  Trial  One  (Feed  Per  Tooth  and  Feed  Rate) 
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A  Fadal  VMC40  3-axis  maciiini'^g  center  is  to  be  used  to  experimentally  test  QPA.  Figure 
9  shows  the  Fadal  machining  center  with  the  various  important  components  labeled.  The  spindle 
is  powered  by  a  15  horsepower  AC  motor  capable  of  speeds  up  to  10,000  RPM.  The  slides  are 
controlled  by  DC  servo  motors  systems.  Like  the  majority  of  the  commercial  CNC  machines,  the 
feed  drive  command  signals  are  inaccessible,  however,  there  are  override  potentiometers 
available  for  both  the  spindle  speed  and  feed  rate.  The  spindle  speed  override  pot  can  vary  the 
spindle  speed  from  0  to  200  percent  while  the  feed  rate  override  pot  has  a  range  of  0  to  150 
percent.  The  pots  enable  QPA  to  control  the  feexi  rate  and  spindle  speed  within  the  mentioned 
ranges. 


Figure  9  -  Fadal  3-Axis  CNC  Machining  Center 


The  feed  rate  override  potentiometer  was  tested  to  calibrate  the  relationship  between  the 
pot  voltage  and  corresponding  feed  rate  percentage.  The  feed  rate  percentage  is  defined  as  a 
percentage  of  feed  rate  specified  in  the  CNC  program.  The  pot  voltage  is  independent  of  the 
programmed  feed  rate.  The  tachometer  signal,  used  to  obtain  the  feed  rate  values,  was  tested 
with  an  LVT  to  verify  the  systems  velocity  tach  signals  for  the  x,y,  and  z  slide  speeds.  To 
calibrate  the  feed  rate  override  pot  it  was  first  disengaged  using  a  code  in  the  CNC  program,  and 
the  tachometer  voltage  for  the  programmed  feed  rate  read.  From  this  voltage,  the  tachometer 
gain  was  found  to  be  29.154  (in/min)/volt.  Next,  the  pot  was  enabled  and  CNC  program  was 
written  to  move  the  slide  back  and  forth  at  the  same  feed  rate  as  in  the  previous  test.  During  the 
execution  of  the  CNC  program  the  feed  rate  override  pot  was  varied  and  the  corresponding  pot 
voltage  and  tachometer  voltage  recorded.  From  the  known  voltage  at  100  percent  and  the 
recorded  voltages,  a  percentage  was  calculated.  During  normal  QPA  operation  the  calibration 
curve  is  used  to  supply  the  proper  voltage  to  the  CNC's  microprocessor. 

The  sensors  that  are  available  to  QPA  include  the  slide  tachometers  and  a  piezoelectric 
force  transducer.  The  tachometers  supply  the  information  needed  to  calculate  the  feed  rate.  The 
Fadal  machining  center  has  existing  tachometer  signals  readily  available  from  the  control  panel 
at  the  back  of  the  machine.  These  tachometer  signals  are  used  as  a  velocity  feedback  to  the  DC 
servo  feed  drive  controller  boards.  There  is  difficulty,  however,  when  trying  to  measure  the 
spindle  speed.  There  is  no  readily  available  tachometer  and  the  spindle  structure  prohibits  a 
simple  mounting  of  one.  For  this  work,  the  spindle  speed  is  considered  to  be  a  constant.  An 
encoder  could  be  used  if  a  more  accurate  measurement  is  required,  but  care  must  be  taken  since 
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the  surrounding  operating  conditions  are  not  ideal.  The  encoder  must  be  capable  of  accurate 
measurements  while  contending  with  chips  and  coolant  from  the  cutting. 

To  measure  the  x  and  y  cutting  forces,  a  Kistler  model  9257A  three-dimensional  force 
dynamometer  is  used.  This  is  a  piezoelectric  instrument  which  is  capable  of  reading  dynamic 
force  values.  The  drift  in  the  signals  for  steady  state  forces  becomes  noticeable  after  a  couple  of 
minutes.  For  our  testing,  this  does  not  present  a  problem  because  the  cutting  runs  are  only  6  to 
10  seconds  long.  A  charge  amplifier  is  also  used  to  obtain  voltage  signals  proportional  to  force 
with  a  final  sensitivity  of  50  Ibs/volt. 

Lx)w-pass  filters  are  used  to  eliminate  noise  and  other  high  frequency  content  from  the 
sensor  data  (see  Figure  10).  A  third-order  Lutterworth  configuration  is  incorporated  to  offer  a 
sharp  -60  db/dec  attenuation  after  the  breakpoint  frequency  and  an  amplitude  ratio  of  zero 
decibels  at  low  frequencies.  A  breakpoint  frequency  of  10  Hertz  is  used  to  eliminate  both  high 
frequency  noise  and  the  majority  of  the  oscillations  that  occur  naturally  at  the  tooth  frequency. 
Recall  that  the  tooth  frequency  depends  on  the  spindle  speed.  For  the  algorithms  that  are  tested, 
the  high  frequency  content  of  the  force  signal  is  not  needed,  allowing  bandwidths  for  the  total 
force  limits  and  perpendicular  force  limits  to  be  reduced.  However,  the  high  frequency  content 
will  likely  be  needed  if  QPA  is  going  to  monitor  the  more  complex  problems  such  as  chatter  and 
tool  wear.  When  the  more  complex  algorithms  are  implemented,  filters  designed  with  higher 
breakpoint  frequencies  can  be  used  to  obtain  the  necessary  high  frequency  content.  Higher 
sampling  rates  will  also  be  needed,  however,  to  prevent  any  aliasing  that  might  occur. 

A  personal  computer  equipped  with  a  data  acquisition  system  is  needed  to  run  QPA  and 
convert  the  sensor  data  from  analog  to  digital.  For  this  work,  an  IBM  compatible  computer  with  a 
80386  microprocessor  is  used.  A  MetraByte  DAS-20  Data  Acquisition  board  was  installed  in  the 
computer  to  perform  the  analog  to  digital  (A/D)  conversions  of  the  sensor  data  and  also  the  digital 
to  analog  (D/A)  conversions  of  the  override  signal.  Figure  10  shows  a  block  diagram  of  the  setup 
of  the  computer  and  storage  systems.  The  QPA  control  program  is  shown  in  the  far  right  block  in 
the  figure.  The  program  is  written  in  Fortran  and  is  run  on  the  personal  computer.  The  QPA 
program  controls  the  controller  output  sampling  rate  and  the  data  acquisition. 


Figure  10  -  Block  Diagram  of  Experimental  Setup 
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The  successful  adaptive  ccr.»Tol  of  the  end  milling  process  requires  a  controller  that  is 
capable  of  updating  the  feed  drive  and  spindle  speed  many  times  a  second.  The  QPA  control 
>vstem  used  in  the  simulation  did  not  meet  this  criterion.  At  best,  the  simulation  QPA  control 
program  would  have  a  control  cycle  time  in  the  5  second  range.  To  perform  the  experimentation 
on  the  Fadal  machining  center,  a  new  controller  program  had  to  be  developed.  The  new 
controller  was  also  developed  on  a  PC,  but  written  in  Fortran.  This  allowed  the  use  of  the  DAS-20 
drivers  to  perform  all  of  the  data  acquisition  tasks.  The  new  controller  is  based  on  QPA  and 
contains  the  same  control  logic.  From  the  experimental  testing,  the  speed  of  the  experimental 
controller  was  found  to  be  capable  of  a  control  cycle  speed  up  to  1000  Hertz.  With  this  kind  of 
speed,  the  experimental  QPA  should  be  capable  of  detecting  and  responding  to  many  of  the 
undesired  events.  However,  as  more  complex  detection  algorithms  are  programmed,  the  speed  of 
the  controller  will  decrease  due  to  the  increased  computer  time  needed  for  the  algorithms. 

The  control  logic  used  for  the  experimental  controller  is  the  same  as  that  for  the  QPA 
program  used  in  the  simulation.  There  are  a  few  additions,  however,  that  need  to  be  added  to  the 
simulation  QPA  controller  to  implement  it  on  an  actual  machining  center.  These  include  the 
initialization  of  the  data  acquisition  system  and  feed  rate  override  voltage.  There  must  also  be 
.some  logic  that  decides  when  the  controller  should  finish.  For  experimental  runs,  a  finish  time  is 
used  that  defines  the  end  of  the  cut.  The  experimental  code  also  stores  force  and  feed  rate  data 
and  allows  the  user  to  display  various  plots  at  the  end  of  the  cut.  The  following  is  a  detailed 
description  of  the  experimental  control  logic: 


a)  First,  a  welcome  screen  is  displayed  and  the  ^A'  20  is  initialized. 

b)  To  prevent  any  damage  to  the  machine,  the  teed  rate  oveiride  potentiometer  is 

initially  set  to  zero  percent  usir®  the  STOP  subroutine. 

c)  The  data  file  is  then  input  containing  all  the  iniouc.p'on  on  ''e  controllers 

bandwidth  limits,  sampling  and  controlling  rates,  data  file  names,  and  CNC 
programed  values  of  feed  rate  and  spindle  speed.  The  subroutine  INPUT 
performs  this  task. 

d)  The  current  time  is  calculated  using  the  PC's  system  clock. 

e)  All  sensors  are  read  and  converted  from  voltage  levels  to  the  correct  units. 

The  subroutine  D0_ADC  performs  one  analog  to  digital  conversion  on  the 
specified  input  channel.  The  data  is  also  copied  to  a  two-dimensional 
array  for  later  disk  storage. 

0  The  DECIDE  subroutine  then  determines  if  there  should  be  a  change  in  the 

controller  set  points.  It  returns  a  value  equivalent  to  increase,  decrease,  or 
hold. 

g)  If  there  is  a  change  in  feed  rate  needed,  the  D0_DAC  subroutine  calculates  the 

corresponding  voltage  increase  of  the  control  signal  and  performs  the 
digital  to  analog  conversion. 

h )  If  the  current  time  is  less  than  the  finish  time  specified,  the  program  loops 

back  to  step  (d)  and  continues  from  there.  If  the  current  time  is  equal  to 
the  finish  time,  the  program  sets  the  feed  rate  override  potentiometer  to 
zero  percent  and  continues  to  step  (i). 

i)  The  program  now  transfers  all  the  saved  data  to  an  ASCII  file  for  future 

plotting  and  analysis.  Immediate  plotting  of  the  data  is  available  from  the 
subroutine  D0_ PLOTS  for  a  preliminary  analysis  of  the  data. 


The  experimental  QPA  controller  described  above  is  developed  to  maximize  the  feed  rate 
while  monitoring  shank  failure,  tooth  failure,  and  excessive  tool  deflection.  Using  the  feed  rate 
override  potentiometer  for  the  control  output  signal  results  in  safer  testing  operations  of  QPA  than 
if  the  signal  was  directly  input  as  the  command  signal.  The  potentiometer  can  override  the  feed 
rate  with  the  range  of  0  -  1.50%.  Thus,  if  the  upper  limit  is  specified  such  that  cata.strophic  failure 
cannot  (x;cur,  then  safe  feed  rates  will  result  at  all  times  during  the  testing. 
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The  results  of  two  actual  milling  cuts  are  shown  and  discussed  in  this  section.  For  both 
cuts,  the  QPA  controller  sampling  rate  is  100  Hertz  and  the  feed  rate  update  step  is  1%  of  the  CNC 
programmed  feed  rate.  The  geometry  for  the  first  cut  is  a  slot  cut  with  an  axial  depth  change 
from  0.1  inches  to  0.25  inches  approximately  6  seconds  into  the  cut.  Table  3  gives  the  controller 
limits  of  the  first  cut  for  the  different  undesired  events  monitored  by  QPA.  The  tooth  failure  and 
tool  deflection  limits  are  set  to  conservative  values  during  the  initial  testing.  Figures  1  la  and  11b 
show  the  resulting  total  and  perpendicular  forces  and  the  associated  feed  per  tooth  and  feed  rate 
plots.  From  the  plots,  it  is  observed  that  the  tooth  failure  mode  limits  the  feed  rate  before  the 
axial  depth  change.  Once  past  the  axial  depth  change,  the  upper  perpendicular  force  limit  is 
exceeded,  i.e.  tool  deflection  mode  becomes  active,  and  the  fe^  rate  must  be  decreased  to  keep 
the  part  within  the  tolerance  limits.  From  the  plot  of  perpendicular  force,  the  time  needed  to 
lower  the  force  to  within  the  bandwidth  after  the  axial  depth  change  is  approximately  0.5 
seconds.  This  time  is  similar  to  the  reaction  times  in  the  simulation  trials. 


Shank  Failure 

Total  Force  Bandwidth 

Upper  Limit 

220  lbs 

Lower  Limit 

180  lbs 

Tooth  Failure 

Feed  per  Tooth  Bandwidth 

Upper  Limit 

0.00165  in 

Lower  Limit 

0.00135  in 

Tool  Deflection 

Perpendicular  Force  Bandwidth 

Upper  Limit 

55  lbs 

Lower  Limit 

45  lbs 

Table  3  -  Controller  Bandwidths  for  Cut  One 


The  second  cut  involves  the  same  workpiece  geometry  as  the  second  simulation  trial. 
There  is  an  axial  depth  change  from  0.25  inches  to  0.50  inches  while  the  radial  depth  is  half  the 
cutter  diameter,  0.25  inches.  The  controller  bandwidths  are  also  the  same  except  for  the 
perpendicular  force  limits.  These  limits  are  shown  in  Table  4.  The  results  of  the  second 
experimental  cut  are  shown  in  Figures  12a  and  12b.  Comparing  these  to  the  simulation  results  of 
Figures  8a  and  8b,  similar  total  force,  feed  per  tooth,  and  feed  rate  values  are  achieved  before  the 
axial  depth  change.  The  experimental  perpendicular  force  before  the  axial  depth  change  is  lower 
than  the  simulated  force  because  of  the  two  different  cutting  orientations.  The  simulated  cuts 
assume  a  down  milling  cut  geometry,  while  the  experiments  use  an  up  milling  geometry,  where 
the  cutting  tool  rotates  in  the  reverse  direction  as  in  the  figure.  Before  the  axial  depth  change,  the 
limiting  condition  is  the  tooth  failure  mode.  After  the  axial  depth  change,  the  perpendicular 
force  exceeds  the  upper  limit  as  in  the  simulation,  and  the  controller  reacts  by  decreasing  the  feed 
rate  so  the  force  is  within  the  acceptable  bandwidth. 

The  stability  of  the  QPA  control  strategy  is  related  to  an  effective  gain  of  the  controller, 
which  is  the  product  of  the  feed  rate  update  increment  and  controller  speed.  Throughout  the 
experimental  testing,  various  gains  were  used.  It  was  noticed  that  the  QPA  controller  was  stable 
for  gains  of  5,  10,  20,  and  50  (in/min)/sec  with  an  axial  depth  of  0.15  inches  and  radial  depth  of 
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0.5  inches.  When  a  gain  of  50  (iny'minVsec  was  used  along  with  an  axial  depth  of  0.25  inches, 
the  QPA  controller  operated  in  a  limit  cycle.  The  spindle  speed  for  all  the  various  cuts  was  2000 
RPM.  It  should  be  noted  that  the  gain  value  was  also  very  important  when  determining  how  fast 
QPA  can  respond  to  prevent  damage  to  the  machine. 


Shank  Failure 

Total  Force  Bandwidth 

Upper  Limit 

200  lbs 

Lower  Limit 

150  lbs 

Tooth  Failure 

I  Feed  per  Tooth  Bandwidth  | 

Upper  Limit 

0.0035  in 

Lower  Limit 

0.0030  in 

Tool  Deflection 

1  Perpendicular  Force  Bandwidth  1 

Upper  Limit 

77  lbs 

Lower  Limit 

63  lbs 

Table  4  -  Controller  Bandwidths  for  Cut  Two 


The  problem  in  analyzing  the  controller  using  the  effective  gain  term  is  that  the  overall 
system  gain  is  also  a  function  of  the  volume  of  material  that  is  being  removed,  with  higher 
volume  rates  leading  to  higher  system  gains.  This  causes  the  system  stability  to  be  dependent  on 
the  amount  of  material  being  removed  as  well  as  the  controller  gain.  In  addition,  the  system  also 
has  a  non-linear  relationship  between  the  force  and  the  feed  rate.  For  a  known  steady  state 
cutting  situation,  some  nonlinear  analysis  could  be  done,  however,  if  the  cutting  conditions 
change  drastically  the  analysis  may  provide  poor  results. 

VII.  Conclusions  and  Recommendations 

The  purpose  of  this  research  was  to  apply  and  evaluate  the  Qualitative  Process 
Automation  control  strategy  to  the  end  milling  process.  To  accomplish  this,  a  comprehensive 
investigation  of  the  end  milling  process  was  performed  to  obtain  a  better  understanding  of  the 
problems  that  may  arise  during  a  cut.  Various  algorithms  for  detecting  the  problems  and 
preferred  controller  reactions  were  also  examined.  With  this  information  a  knowledge  base  was 
created  for  the  end  milling  process  for  use  with  QPA. 

The  QPA  controller  was  first  tested  through  simulation  with  a  program  modeling  the  end 
milling  process.  The  simulations  showed  that  the  QPA  controller  was  capable  of  maintaining  a 
maximum  possible  feed  rate  through  various  transient  conditions  while  preventing  undesired 
events  such  as  shank  failure,  tooth  overload,  and  excessive  tool  deflection.  However,  there  were 
concerns  about  the  control  speed  of  the  QPA  program  used  in  the  simulation  work.  During  the 
simulations,  the  controller  was  being  updated  every  5  seconds,  approximately,  which  was  not 
acceptable  for  real  time  experimental  testing. 

An  experimental  QPA  controller  was  developed,  allowing  a  user  defined  control  speed 
down  to  approximately  1  millisecond.  This  controller  was  tested  using  a  Fadal  3-axis  machining 
center.  The  results  for  the  experimental  work  resembled  the  predictions  obtained  through  the 
simulation.  The  experimental  QPA  controller  maximized  the  feed  rate  while  preventing  the 
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undesired  events  described  in  the  control  program.  It  was  found  that  if  the  control  cycle  was  too 
fast,  the  system  went  unstable,  while  too  long  a  control  cycle  would  prevent  the  controller  from 
reacting  quickly  to  serious  problems  that  might  arise.  It  was  also  noted  that  the  feed  drive 
system  of  the  CNC  machining  center  was  too  slow  to  allow  the  QPA  control  system  to  prevent 
catastrophic  collisions  between  the  tool  and  workpiece,  should  they  arise. 

The  work  performed  in  this  research  is  a  start  toward  the  introduction  of  a  complete 
intelligent  control  system  for  the  end  milling  process  and  offers  an  adequate  platform  for  future 
expansion.  For  the  algorithms  tested,  the  QPA  control  strategy  is  found  to  be  very  effective  at 
minimizing  cutting  time.  However,  since  the  ultimate  goal  is  to  have  a  fully  autonomous 
machining  center,  algorithms  to  detect  tool  damage,  chatter,  and  excessive  tool  wear  must  be 
implemented  into  the  control  program.  The  majority  of  these  algorithms  involve  much  more 
complex  data  analysis,  which  would  consume  considerable  amounts  of  computer  dme.  The 
advancement  of  sensor  technology  would  also  provide  methods  of  detecting  more  complex 
problems. 

More  complex  cutting  operations  should  be  performed  on  the  existing  system  to  funher 
evaluate  the  QPA  control  strategy.  These  should  include  cutting  paths  in  two  or  more  directions. 
To  accomplish  this,  all  feed  rate  values  will  be  needed  to  calculate  a  velocity  vector.  This 
velocity  vector  will  then  be  used  to  determine  the  perpendicular  force  on  the  cutter  with  respect 
to  its  direction  for  use  in  detecting  excessive  tool  deflection. 

Information  from  the  CNC  program  and  workpiece  geometry  would  provide  helpful 
knowledge  for  the  controller  program  when  determining  the  process  state  during  the  cut.  For 
example,  the  controller  must  know  when  the  cutting  tool  is  in  free  air  between  cutting  passes  and 
when  the  tool  is  being  changed.  The  controlling  of  the  machining  center,  as  it  stands  presently, 
is  very  lirniied.  The  feed  rate  override  potentiometer  provides  an  opening  for  the  QPA  controller 
to  be  applied  on  the  Fadal  machining  center.  Direct  access  to  the  feed  drive  and  spindle  drive 
command  signals  is  necessary  if  the  performance  of  QPA  is  to  be  improved. 

Lastly,  a  rigorous  attempt  must  be  made  to  analyze  the  stability  of  the  QPA  control 
strategy.  The  effective  QPA  controller  gain,  which  is  a  function  of  control  rate  and  update 
increment,  has  a  great  effect  on  the  stability  of  the  process.  The  rate  of  volume  of  material 
removal  also  affects  the  system  gain  and  is  very  important  in  determining  the  system  stability 
and  performance  when  being  controlled  by  QPA. 
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Figure  1  lb  -  Results  from  Experimental  Cut  One  (Feed  per  Tooth  and  Feed  Rate) 
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